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ubbasalt imaging can be improved by carefully applying them is going to be insucient. This is the case in basalt
pre-stack depth migration. Pre-stack depth migration re-covered areas and beneath salt instrusions. The presence of
quires a detailed velocity model and an accurate traveltimea high-velocity and highly heterogeneous layer (basalt) em
calculation. Ray tracing methods are fast but, often fail inbedded in low-velocity sediments, has a detrimentadat
calculating traveltimes in complex models, specially, whe on imaging beneath this structure (Martini and Bean, 2002).
they feature high velocity contrasts. Finitte drence solu- The basalt acts as a barrier for seismic signal. Most of the en
tions of the eikonal are more stable and can produce a travergy re ects or travels along this layer, therefore littteeegy
eltime eld for the whole model avoiding shadow zones. A goes through the basalt layer. In addition, the backseatter
synthetic test was carried out to check the performance otnergy that returns to the surface from basalt and subbasalt
a new pre-stack depth migration algorithm in a model thatstructures features a lack of coherence caused by the laregu
features a high velocity layer surrounded by lower veloci- interfaces of the basaltic body and the heterogeneitidsmwit
ties. The results reasonably reproduce the original modelthe basalt itself. Hence, in this cases a more sophisticated
The same scheme was used to process lorsgpore ec-  approach, such as pre-stack depth migration, is needed.
tion data from the Faroe Shelf where conventional techisique  The North Atlantic province has been widely studied by
(stack) were insu cient to assess the structure under a basalthe oil industry. Standard seismic imaging techniques have
layer. Pre-stack depth migration produced an improved im-been succesfully applied for many years in the sedimentary
age which recovered the main features in the stacked sectiobasins located in this area. The Faroe-Shetland Basin-repre
and allowed to identify some subbasalt coherent events. sents a potential hydrocarbon reservoir ready for exglurat
To the center of the basin, geology is well known but, in the
NW region, sequences of basalt cover underlying structures
and make exploration both challenging and risky (Sgrensen,

Seismic imaging comprises a wide range of methodologies2003). In the present study, a new pre-stack depth migration
Among these techniques, the most common in geophysicaicheme was implemented to address the subbasalt imaging
prospecting is seismic re ection, which has provided valu- problem. This manuscript shows the improvements obtained
able data to infer the subsurface structure. Seismic re ecPY this pre-stack depth migration approach applied to data
tion principles are based on approximations that simpliey t acquired over the Faroe Shelf.

imaging problem, two of the most restrictive are: the Easth i
considered as a sequence of homogeneous subhorizontal |
ers and interfaces between layers consist in a verticadlypsh
and laterally smooth discontinuity (Yilmaz, 1987). Praces
ing ows deduced from these premises generate detailed im

ages in layered and laterally homogeneous media. However, : - ) . . ;
suggest this basalt is covering relatively low velocity erat

in nature, there are often geological settings where these a . . T2
sumptions fail dramatically, and the methodology based onaIS which may be sediments (Hughes etal., 1998; Richardson

et al., 1999; Fliedner and White, 2003; Raum et al., 2005).
Correspondence td: Topography before the emplacement of the basalt was dom-

1 Introduction

a¥- Geological and geophysical setting

In the Faroe-Shetland Basin, huge amounts of basaltic rock
yere erupted during the Paleocene-Eocene. Previous studie
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inated by normal faults as a consequence of extension and o2 1 2 DIStange(km) 4 5
subsidence during the Cretaceous and Paleocene (Richard-

son et al., 1999). Basaltic ows extended over long dis- 257 e

tances in the basin after lling the lows between fault bleck > 19
This causes an irregular bottom basalt interface. Basait wag ;|
erupted in di erent episodes. Three major basalt units have
been identied: Lower, Middle and Upper Series. Their
thicknesses and compositions dr from one unit to an-
other (Noe-Nygaard and Rasmussen, 1968). Although, the
basalt ow stratigraphy in this area is mainly layered, it in
cludes tus and breccias increasing the inner velocity con-
trasts (Maresh and White, 2005). Moreover, in periods with-
out igneous activity, lacustrine shales and coals were-accu
mulated and sediments were emplaced lling the basin oor

deeps (White et al., 2003). Those facts result in a highly

heterogeneous distribution of physical properties with®  Figyre 1. Velocity model used to calculate synthetic data (top) and
basaltic body. a shotgather generated atx km (bottom).
In the Faroe Shelf, the structure above the basalt and the
top basalt interface can be succesfully resolved using con-
ventional techniques because of the high contrast in paysic the model, which slightly increases the computational cost
properties between basalt and overlying sediments. Howcompared with shooting ray methods, but, on the other hand,
ever, attenuation and scattering of the seismic wave eld asshadow zones are avoided. Moreover, using complete trav-
it passes through the basaltic pile make seismic imaging difeltime tables allows the handling of dactions, correctly
cult below the top basalt surface (Smallwood et al., 2001). restoring the diracted energy to its original position in the
The top basalt interface shows an irregular topography feamodel. As migration consist of summation of the contribu-
turing fractal properties (Martini and Bean, 2002). This ir tions from the wave eld for every source-receiver pair, enc
regular topography is often at a scale similar to the seisthe traveltime eld has been calculated, a half-derivatave
mic wavelength which causes the dispersion of elastic gnergperformed on every trace and amplitudes are spread along
(scattering) degrading the signal coherence in the wade el the model that has been previously scaled with an obliquity
In addition, heterogeneities within the basalt ows yield a factor (Yilmaz, 1987).
high impedance contrast generating internal reverbersitio Another key point in pre-stack depth migration is the gen-
mode conversions and internal multiples (Martini and Bean,eration of numerical artifacts that result in “smiling” iges.
2002). Therefore, seismic energy re ected or refracted byThis is a known issue that usually is solved by limiting the
these structures is incoherently scattered and dispeesed raperture in the migration algorithm. This strategy cansolv
sulting in a poor subbasalt image. the problem in subhorizontal layered models but it fails whe
considering complex models with vertical or dipping struc-
tures. In any case, if the fold of the data is high, the summa-
3 Pre-stack depth migration tion of complete migrated shotgathers contributes to ecdan
coherent signal while spurious artifacts are highly atétad
The calculation of traveltime tables for a given velocity inthe nal image.
model is an essential stage in Kirchhprestack depth mi- We coded this approach into a new pre-stack migration al-
gration. Classical ray tracing techniques have been widelyyorithm. In order to test the code, a synthetic model was
used to solve the forward problem (Zelt and Smith, 1992)used (Forel et al., 2005). The model consists in three layers
and to calculate traveltime tables. Snell's law based algo-and within the second one, a thin high velocity layer was in-
rithms are fast and provide an estimation of the traveltimecluded to simulate a basaltic intrusion (Fig. 1 top). Up to 40
for areas in the model sampled by rays traced. Howeversynthetic shotgathers were calculated for this velocitgeto
in some implementations, sampling all the model requiresusing a full waveform acoustic scheme (Fig. 1 bottom). The
a large amount of rays and depending on the velocity modesources were placed on the surface every 50 m between 2
(e.g. high velocity gradients) some areas can be undersamand 4 km and the receivers were also placed every 50 m at
pled resulting in shadow zones where no traveltimes are calthe surface using a split-spread pattern witiset ranging
culated. Overcoming this problem requires a niteeience  from -1500 m to 1500 m. For every source and every re-
approach. ceiver, a traveltime table was calculated. Then, for every
In the present work, we used a nite ddrence algorithm  source-receiver pair, their respective traveltime taklese
to solve the eikonal equation (Hole and Zelt, 1995). Usingadded to obtain a new traveltime table which represents, for
this algorithm, traveltimes are calculated for every nade i each grid point, the travel time from source to receiver of a
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Figure 2. Traveltime tables for the source at®.2 km (top) for the
receiver at x5.8 km (middle) and the sumation of both timetables

(bottom). These traveltime tables were obtained using te dif-
ference solution of the eikonal equation (Hole and Zelt,5)9%he
yellow and orange colors indicate the zone of minimum titawvels.
This ilustrates the fastest path from the source to thevecwiithin
the model (the banana-kernels)
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Figure 3. Migrated image of the synthetic example.
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Figure 4. Survey FLO-96. Location map of the pro le (top), and
shotgather (bottom). In the shot gather the NW correspomdiset
left and the SE to the right The following phases are iderk sea
bottom re ection (blue), top-basalt re ection (green) dadt refrac-
tion (red), base-basalt re ection (purple) and top-basene ec-
tion (yellow). This shotgather is a composite from the tvps
experiment (see the text for an explanation).

wave crossing this grid point. This new traveltime table be-
comes the one used in the migration (Fig. 2). Note that the
region of minimum traveltimes (banana-kernel) in the resul
ing traveltime table can be used to obtanposterior) the

ray trajectory for rst arrivals. Every shot in the dataseisv
migrated and stacked over every node in the model result-
ing in a nal migrated image (Fig. 3). The resulting image
reproduces reasonably well the theoretical model.

4 Real case: subbasalt imaging

Data from the survey FLO-96 over the Faroe Shelf (Fig. 4)
acquired using two vessels (White et al., 1999) with muatipl
passes to build up a synthetic aperture of over 38 km with a
receiver group spacing of 12.5 m which presents other issues
associated with the geometry caused by poorly constrained
cable feathering. This dataset features the conventioobtp
lems of marine seismic re ection data: multiples, peg-legs
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Table 1. Processing steps applied to data

| Processing step | Parameters
Source matching lter
Assign geometry
Bandpass lter high-cut Ormsby 48-64 Hz
Bin 50 m receiver grou@5 m CMP spacing
Create Split Spread aperture -1 kmé  16.8 km
Surface Related Multiple Suppression (SRMS) multiple model based on sea-bed inter-sediment horizon |and

top-basalt picked from near-get stack
Tau-p lter applied to both common shot and common receivegaussian weighted Iter with mean slowness of 0.073mand

domains variance of 0.064 nim

Velocity analysis Semblance, function gather and function stacks
NMO

Mute Outer and Inner mute

Stack

Amplitude recovery t::8

Display

and other reverberation; tidal and ambient noise; conglerte marine seismic re ection data, most of the signal and en-
waves eftc.. ergy lie within the water-wave cone and therefore arecied
The lead vessel (W Western Cove) towed a 6 km cable by multiples and peg-leg making it very deult to identify
and deployed a 32 sleeve-gun source array with a total volphases. At long oset these re ections appear as clear and
ume of 3000 cu in. The second vesséB(Thetis) followed  isolated events and refractions can be picked as cleaaksriv
at variable distances and towed a 4.8 km cable and deploye@ihe use of long oset data therefore considerably improves
a 30 sleeve-gun source array with a total volume of 5070the accuracy and quality of the velocity model with respect
cu in. Data acquired using this con guration can be consid-to the usual velocity analysis in the CDP domain.
ered from two points of view: as a standard normalincidence | the rst part of the pro le, refractions from basalt and

experiment; or as a very dense wide-angle experiment. Thige ections from the top of the basalt layer are very clear. In
combination gave an ective aperture of 16.8 km. The basic ggme shots, two hyperbolic events can be picked and inter-
processing steps are laid out in Table 1; the philosophy wasyeted as the base-basalt re ection and the top-basement re
to enhance the low frequency energy; suppress sea-bed, sedgtion (Fig. 4). In the last part of the pro le, the top-bdsa
iment and top-basalt multiples, peg-legs and other reverbe ¢ gction could be identi ed while the basalt refractionme
ations; suppress other low velocity energy; and stack usingyetely disappeared. This is due to the thinning of the hbasal
a velocity model based on conventional analysis. The SUbTayer to the SE. Also in this part, some hyperbolic events
basalt velocity model was determined from the occasionalyere identi ed in the data out of the water-wave cone, but,
strqng re ection event visible above the noise probablyrfro  j,e to the lack of lateral continuity (events only appeared
asill or top basement. for four or ve shots), these events were interpreted as sill
From the stacked image (Fig. 5 top) we can interpret theor laminar instrusions rather than a laterally continous-ge
structure overlying the basalts and obtain a detailed Wgloc |ogical discontinuity. Inverting basalt refractions, tbpsalt
model for these sediments. We can also map the topographi ections, base-basalt re ections and basement re ewijo
of the top-basalt. However, using conventional post stacka velocity model was obtained down to the top of the base-
imaging techniques, no laterally coherent events are iident ment (coloured background in Fig.5 bottom). The veloc-
ed under this high velocity layer (Fig. 5 top). In order to ity model was obtained using the tomographic algorithm by
improve this image beneath the basalt, pre-stack depth mifrinks et al. (2005). This algorithm is able to use diving as
gration was applied using the pre-stack data after SRMS angyell as re ected waves. Therefore it recovers the velocity
Tau-p Itering had been applied. This provides more dethile distribution and the topography of the re ecting structire
image of the subbasalt zone. While stack-based methodolan this study, the re ected phases were use to increase the
gies produce a section in time, pre-stack depth migratiéin wi resolution of the velocity model. The pre-stack migratibn a
resultina depth section which provides information for & be gorithm 0n|y required the distribution of velocities to gen
ter interpretation. ate the depth migrated image. The re ecting interfaces con-
The main advantage of considering longset streamer strained by the tomographic algorithm were not used. The
data is that long oset phases may be identi ed, providing image produced correlates very closely with the interfaces
information to perform tomographic inversions. In stardar constrained by the inversion algorithm.
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Figure 5. Top: stacked section from the FLO-96 survey. The top of basalearly delineated. At the beginning of the pro le (NWadalt
is shallower (around 1.8 s) becoming deeper from kilome@etockilometer 75 where it remains practically at around 3rgilthe end
of the pro le (SE). No coherent subbasalt events can be idehtBottom: Pre-stack depth migration of the same data Séke coloured
background stands for the velocity model obtained by mefssismic tomography (Trinks et al., 2005). Dashed linesdfar interpreted
base of basalt (red) and top of basement (yellow).

The sedimentary cover features velocities ranging fromin some parts of the model, especially along the rst 30 km.
around 2 knfs at the sea bottom to 3.5 kemat the top of the  In addition, some re ectors exist between 4 and 5 km depth
basalt layer. A high velocity layer (4.5-5 Kg) can be identi-  which may correspond to the top of the basement.
ed with a decreasing thickness from 1.5 km at 40 kmto 0.5  The determination of the base of the basalt layers is a key
km at 100 km. The inverted model suggests that there maybgsue for exploration perspectives. Sedimentary layerbea
a lower velocity layer under the basalts. Nevertheless, fewocated between the basalt intrusive and the basement. The
events were identi ed from under the basalt layer, suggestimportance of imaging these hidden sedimentary structures
ing velocities in this area are less constrained than inrothetg gauge potential petroleum resources becomes clear.
parts of the model. The lack of events within the basement gome authors have proposed an alternative scheme for mi-
made it impossible to extend the tomographic model beyondyrating long o set re ection data (Fruehn et al., 2001; Flied-

6 km depth. The new pre-stack depth migration scheme wager and White, 2001; White et al., 2003; Fliedner and White,
used to obtain a new image using the velocity determinechggg). Their scheme uses only selected signal out of the
by the tomographic inversion (Fig. 5 bottom). This method \yater-wave cone Following this strategy a low frequency im-
provided an improved display under the upper basalt interyge was produced because only longet phases were in-
face where prominent events correlate with major velocity cjyded. In the present study, all the data in every shotgathe
discontinuities along the whole model. The top of the basaltyere ysed in the process, obtaining a more detailed image
is clearly delineated. The base of this layer can be estiinateecause high frequencies were also included in the migra-
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tion. Migrating selected parts of the shotgathers causak n Hughes, S., Barton, P. J., and Harrison, D.: Explorationhia t
image to be highly dependent on a subjective interpretation Shetland-Faeroe Basin using densely spaced arrays of -ocean
undertaken prior to the migration. This interpretation was bottom seismometers., Geophysics, 63, 490-501, 1998.
considered when inverting traveltimes Migrating the whole Maresh, J. and White, R. S.: Seeing through a glass, darktes
data set has the advantge of obtaining a migrated sectien fre 9i€s for |mgg|ng through basi't-’ First Break, 23, 27;%520
of a priori interpretations. Moreover, in regions where intra- Martini, F.and Bean, C. J.. Interface scattering versuyisodtter-

ing in subbasalt imaging and application of prestack waveeq
basalt and subbasalt events are weak, the re ectors are more

. . . tion datuming., Geophysics, 67, 1593-1601, 2002.
clearly displayed using all the data as shown in the last parNoe-Nygaard, A. and Rasmussen, J.: Petrology of a 3000 metre
of the pro le.

sequence of basaltic lavas in the Faroe Islands., Litha236
304, 1968.

Raum, T., Mjelde, R., Berge, A. M., Paulsen, J. T., Digrartes,
Shimamura, H., Shiobara, H., Kodaira, S., Larsen, V. B.dfre

p k depth mi . ided i . b sted, R., Harrison, D. J., and Johnson, M.: Sub-basalttsies
re-stack depth migration provided improvement in sub- east of the Faroe Islands revealed from wide-angle seisntic a

bgsalt imaging. The code devglopet_d to |mplemgnt this tech- gravity data., Petroleum Geoscience, 11, 291-308, 2005.
nique takes advantage of a nitte drence algorithm that  Richardson, K. R., White, R. S., England, R. W., and Fruehn,
can handle sharp velocity contrasts and velocity invession  J.: Crustal structure east of the Faroe Islands: mapping sub
avoiding shadow zones in the traveltime tables. Synthetic basalt sediments using wide-angle seismic data., Petno&en-
simulations using a realistic model showed a good perfor- science, 5, 161-172, 1999.
mance of the code and good recovery of the original modelSmallwood, J. R., Towns, M. J., and White, R. S.: Thew stmectu
The code was then used with real data from the FLO-96 sur- ©f the Faeroe-Shetland Trough from integrated deep seamuic
vey. This processing showed that pre-stack depth migration Potential eld modelling., J. Geol. Soc., 158, 409-412, 200
improved the image obtained beneath the top of the basafp?rensen, A. B.: Cenozoic basin dev_elopment and straligrab

. . the Faroes area., Petroleum Geoscience, 9, 189-207, 2003.
layer In the nal image, the base of the basalt was mferredT . .
. rinks, 1., Singh, S. C., Chapman, C. H., Barton, P. J., Bpbth
in some parts of the r_nodel and subbasalt even_ts Were recov- ;4 Cherrett, A.: Adaptative traveltime tomography of ddys
ered. Thg results indicate that all gets are reqylre_d topro-  sampled seismic data., Geophys. J. Int., 160, 925-938, 2005
duce a high frequency pre-stack depth migration image. Théyhite, R. S., Fruehn, J., Richardson, K. R., Cullen, E., KAk,
migrated section is highly dependent on the velocity model, Smallwood, J. R., and Latkiewicz, C.: Faroes Large AperRee
therefore, using an accurate tomographic modelis mangator search Experiment (FLARE): imaging through basalt, pp.3:24
to obtain a reliable result. 1252, Geological Society, 1999.

White, R. S., Smallwood, J. R., Fliedner, M. M., Boslaugh, B.
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